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This article addresses the effect of cooling rate on microstructure and mechanical properties as determined
by changing molding media and section size. The research was conducted for thin-walled iron castings with
2-5-mm wall thickness and for the reference casting with 13-mm wall thickness, using different molding
materials (silica sand and insulating sand ‘‘LDASC’’) to achieve various cooling rates. Thermal analysis
was performed to determine the real cooling rate at the beginning of the graphite eutectic solidiﬁcation. In
general, it was found that the predictions based on theoretical analysis of the solidiﬁcation process of ductile
iron are in good agreement with the experimental outcomes. Finally, the present study provides insights into
the effect of cooling rate on the graphite nodule count, the ferrite fraction and mechanical properties of
thin-walled ductile iron castings. The study shows that the cooling rate of thin-walled castings varies in a
wide range (80-15 C/s) when changing the wall thickness from 2 to 5 mm, accompanied by signiﬁcantly
changing the mechanical properties of ductile iron. The cooling rate can be effectively reduced by applying
an insulating sand to obtain the desired properties of thin-walled castings practically in the whole range of
ductile iron grades in accordance with the ASTM Standard.
Keywords cooling rate, ductile iron, structure
1. Introduction
The main factors that inﬂuence the structure of ductile iron
are chemical composition, cooling rate, liquid treatment, and
heat treatment (Ref 1-4). The cooling rate of a casting is
primarily a function of its section size, pouring temperature, and
the material mold ability to absorb the heat. Increasing the
cooling rate signiﬁcantly inﬂuences the as-cast structure (reﬁnes
both the graphite size and matrix structure) and therefore the
mechanical properties and increase the chilling tendency, which
result in a higher hardness, decrease the strength and castings
machinability can be severely impaired. The as-cast microstruc-
ture is governed by the solidiﬁcation process and also by the
subsequent eutectoid transformation. The inoculation practice
and the cooling rate control the nodule count, while the matrix
microstructure depends on the conditions under which the
eutectoid reaction occurs (Ref 5, 6). Among the variables that
inﬂuence the mechanism of the eutectoid reaction are the
chemical composition, the cooling rate through the eutectoid
temperature range, and the nodule count (Ref 7-9).
The issue of obtaining thin-walled castings is not simple,
because it is associated with a wide range of cooling rates at the
beginning of graphite eutectic solidiﬁcation (Ref 10, 11). The
literature provides limited data on the cooling rate-structure
relations, which is crucial in the property formation of thin-
walled castings. This article presents an analysis of changes in
the cooling rate of thin-walled castings with different wall
thicknesses and using various molding materials and demon-
strates its signiﬁcant impact on the structure and mechanical
property formation of ductile iron.
2. Experimental
The experimental melts were done in an electric induction
furnace of intermediate frequency in a 15 kg capacity crucible.
The furnace charge consisted of the following materials:
Sorelmetal, technically pure silica, Fe-Mn, and steel scrap.
After metal heating to a temperature of 1490 C, the bath was
held for 2 min and then, the spheroidization and modiﬁcation
operations were performed by a bell method. For the sphero-
idization, the foundry alloy Fe-Si-Mg (6% Mg) in an amount of
1.5 wt.% was used, while the inoculation was done by means
of the Foundrysil inoculant in an amount of 0.5 wt.%. The
pouring temperature was 1400 C. The cast iron was poured
into plate-shaped molds with dimensions: 29 509 200 mm,
39 509 200 mm, 59 509 200 mm, and reference casting:
139 509 200 mm. Silica sand (1 K of a fraction 100-200 lm)
and urea-furfuryl resin Kaltharz 404U (1.3 wt.%) with a
hardener from a group of paratoluenesulfonic acids 100 T3
(0.5 wt.%) were used, and the foundry molds were made using
a paddle mixer (Ms-017A). In addition, LDASC sand, which
has a much lower material mold ability to absorb the heat than
silica sand (Ref 12), was used. The foundry mold with the
LDASC sand was prepared in an analogous manner to the silica
sand. In addition, they were instrumented with Pt/PtRh10
thermocouples in a diameter of 0.1 mm for plates with 2 and
3-mm wall thicknesses and in diameter of 0.3 mm for plates of
other thicknesses entering a two-hole Al2O3 tube. The thermo-
couple tips were located in the geometrical center of each mold
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cavity normal to the heat transfer ﬂow to improve the
measurement accuracy. An Agilent 34970A electronic module
was employed for numerical temperature recording.
Chemical composition of the investigated ductile iron was
as follows: C—3.64-3.71%; Si—2.65-2.69%; Mn—0.40-
0.44%; P—0.05%; S—0.010%; Cr—0.03-0.04%; Mg—0.043-
0.047%; and Cu—0.02%.
Metallographic characterization was made on samples cut
from plates and the average nodule count (average number of
graphite nodules per unit area), NF and matrix were measured
using a Leica QWin v 3.5 quantitative analyzer at 9200.
Strength testing was carried out on a ﬂat samples (in
accordance with ASTM E8M Standard) by means of the Zwick/
Roell Z050 device equipped with the Macro extensometer. The
examination rate was 0.008 s1. Specimen dimensions are as
shown in Fig. 1.
3. Results and Discussion
3.1 Thermal Analysis
Below in Fig. 2 there are shown cooling curves of the
investigated iron castings.
In Fig. 2, the equilibrium graphite eutectic solidiﬁcation
temperature (Ts) and the cementite eutectic-forming tempera-
ture (Tc) are marked, which were determined on the basis of
dependence (Ref 13):
Te ¼ 1153:90þ 5:25Si 14:88P ðEq 1Þ
Tc ¼ 1130:56 4:06 C 3:33Si 12:58Pð Þ ðEq 2Þ
Tc (Eq 2) is considered as the transition temperature for the
solidiﬁcation of cementite eutectic from graphite eutectic, or the
chill-formation temperature (Ref 14). From Fig. 2, it can be
observed that as the wall thickness decreases (cooling rate
increases), minimal temperature at the onset of graphite eutectic
solidiﬁcation (Tm) decreases within the temperature range
DTsc = TsTc, where graphite eutectic is the only growing
structure (without chills).
On the basis of thermal analysis, the cooling rates (Q) near the
equilibrium graphite eutectic solidiﬁcation temperature (Ts) were
determined. Figure 3 shows an example of the cooling curve of
ductile iron, together with the corresponding cooling rate curve.
It is well known that the section sensitivity of ductile iron is
lower than in gray iron, which contributes to the homogeneity
of the structure of castings. However, in the case of thin-walled
castings, section sensitivity of ductile iron should be taken into
consideration because of the entry to the high cooling rate range
(Ref 10). This contributes to a greater tendency of defect
formation, especially inhomogeneity of the structure and the
presence of chills. From the theoretical analysis of the
solidiﬁcation process of ductile iron (Ref 14), the cooling rate





where a is the material mold ability to absorb the heat, Ts
is the equilibrium temperature of graphite eutectic, c is the
Fig. 1 Dimensions of mechanical tensile specimen
(a) (b)
Fig. 2 Cooling curves of ductile iron in samples with different wall thicknesses: (a) heat no. 1: foundry mold with the silica sand (SMS),






































Fig. 3 Cooling curve (solid line) and cooling rate curve (dotted line)
for ductile iron in 2-mm wall thickness (heat no. 1) Q—cooling rate of
ductile iron at the onset of graphite eutectic solidiﬁcation, Tm—minimal
temperature at the onset of graphite eutectic solidiﬁcation
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speciﬁc heat of cast iron, s is the wall thickness of casting,
and Ti is the initial temperature of the metal in the mold cav-
ity just after pouring.
Figure 4 shows the cooling rate calculated from Eq 3
together with experimental data obtained from thermal analysis.
From this ﬁgure, a good agreement is noted between the
theoretical prediction and the experimental outcome. From the
theoretical analysis (Eq 3), it is shown that the cooling rate
(except for wall thickness of the casting) is mainly affected by
the material mold ability to absorb the heat (a) and the initial
temperature of the metal in a mold cavity close to the pouring
temperature (Ti). Molding materials with a low coefﬁcient of
material mold ability to absorb the heat (e.g., LDASC sand) can
signiﬁcantly reduce the cooling rate. Calculations indicate that
when changing silica sand (a 0.10 JC1 cm2 s1/2) to
LDASC sand (a 0.025 JC1 cm2 s1/2), the cooling rate
of thin-walled casting with a wall thickness of 2 mm decreases
by more than 15 times. This is conﬁrmed by experimental
studies (Fig. 4). In general, it can be concluded that the use of
molding materials with a low material mold ability to absorb
the heat radically reduces the cooling rate. The analysis also
shows that the cooling rates of thin-walled castings with a wall
thickness of 2 mm, obtained using LDASC sand, are at the
level of what we achieve for castings with a wall thickness of
10 mm with silica sand (Fig. 4).
3.2 Microstructure Characteristics
Figure 5 shows the exhibited microstructures found in
castings with different wall thicknesses and using different
molding materials.
The cooling rate affects the maximum degree of underco-
oling at the beginning of graphite eutectic solidiﬁcation and,
consequently, the structure of iron (the number of graphite
nodules, metal matrix). The ﬁgure below shows the results of
the graphite nodule count as a function of cooling rate (in a
wide range from 0.5 to 80 C/s) for the two types of molding
sand used together with the regression curve.
The number of graphite nodules as a function of cooling rate
can be represented by the regression equation in the form of
power series:
Fig. 4 Effect of wall thickness on the cooling rate of the casting:
solid curve—melt no. 1 (Calculations were performed for the follow-
ing data: c = 5.95 J cm3 C1; Ts = 1167 C; Ti = 1400 C; and a =
0.1 J/(cm2 C s1/2)); dotted curve—melt no. 2 (Calculations were per-
formed for the following data: c = 5.95 J cm C1; Ts = 1167 C;
Ti = 1400 C; and a = 0.025 J/(cm2 C s1/2)); d—experimental
points for SMS mold, j—experimental points for LDASC mold
Fig. 5 Microstructure of ductile iron in castings with different wall thicknesses: (a) 2 mm (SMS mold), (b) 3 mm (SMS mold), (c) 5 mm (SMS
mold) (d) 13 mm (SMS mold), (e) 2 mm (LDASC mold), and (f) 13 mm (LDASC mold). No etched samples
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NA ¼ 143:95Q0:56 ðEq 4Þ
where correlation coefﬁcient amounts, R = 0.98.
It is worth noting that despite the use of different molding
materials, with a signiﬁcantly different material mold ability to
absorb the heat from each other, the graphite nodule count is in
correlation with the cooling rate by Eq 4. The metallographic
examination shows that the graphite nodule’s count in thin-wall
casting with a wall thickness of 2 mm LDASC sand is similar
(Fig. 6) to the casting with wall thickness of 13 mm obtained
using silica sand. These results are in conformity with the
above-presented analysis of the effect of different molding
materials on the cooling rate.
The cooling rate affects the graphite nodule’s count, which
is an important factor in forming the iron matrix. Figure 7
shows the changes found in castings microstructures with
different wall thicknesses and using different molding materi-
als, showing the changes in the ferrite fraction as a function of
wall thickness, while Fig. 8 shows the results of metallographic
examination.
The metallographic examination shows that reducing the
wall thickness (increasing the cooling rate) reduces the ferrite
fraction with a level of 90% for the casting wall thickness of
13 mm to 17% for the casting wall thickness of 2 mm (Fig. 8).
In the investigated castings, chills were not detected.
Fig. 6 Effect of cooling rate on the number graphite nodules.
d—Experimental points for SMS mold, j—experimental points for
LDASC mold
Fig. 7 Microstructure of ductile iron in castings with different wall thicknesses: (a) 2 mm (SMS mold), (b) 3 mm (SMS mold), (c) 5 mm (SMS





















Cooling rate, °C/s 
Fig. 8 Ferrite fraction as a function of cooling rate (near the equi-
librium temperature of eutectoid transformation): d—experimental
points for SMS mold, j—experimental points for LDASC mold
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Matrix microstructure depends on the conditions under
which the eutectoid reaction occurs. Among the variables
that inﬂuence the mechanism of the eutectoid reaction are the
chemical composition, the cooling rate through the eutectoid
temperature range, and the nodule count. Replacement of
silica sand by isolation sand (e.g., LDASC sand) in foundry
mold resulted in a signiﬁcant reduction in cooling rate (close
to equilibrium eutectoid transformation temperature), which
signiﬁcantly increased the ferrite fraction in the matrix. The
ferrite fraction in the cast with a wall thickness of 2 mm
obtained by applying an insulating LDASC sand is similar to
that obtained in the casting with a wall thickness of 13 mm
using silica sand (Fig. 7 and 8). This is due to similar
cooling rate (Q2mm-LDASC = 0.28 C/s, Q13mm-sms = 0.37 C/s).
As already mentioned, the use of insulation sand greatly
reduces the cooling rate, thus reducing the number of
graphite nodules. Reducing the number of graphite nodules
when changing wall thickness from 2 to 13 mm using an
insulating LDASC sand (Fig. 7e, f) reduces ferrite fraction
in casting. This trend is associated with a signiﬁcant increase
in distance between the graphite nodules (an increase in
austenite diffusion paths for carbon), which results in a
greater pearlite fraction in the areas between the graphite
nodules (Fig. 7f).
3.3 Mechanical Testing
The variation of the mechanical properties of samples as a
function of cooling rate is presented in Fig. 9, while examples
of tensile curves of castings with a wall thickness of 3 mm,
obtained using different molding materials in the stress-strain
system, is shown in Fig. 10.
Experimental studies show that reducing the wall thickness
of casting (increasing the cooling rate) causes substantial
changes in mechanical properties. As regards thin wall castings
(2-5 mm), differences in tensile strength and elongation are
observed, respectively: DRm = 182 MPa and DA = 4.3%,
which means that castings may differ from the standpoint of
classiﬁcation according to Eq ASTM Standard. The use of
insulating sand caused that, in thin-walled castings with a wall
thicknesses of 2 and 3 mm, the mechanical properties are in the
same class as in the reference casting received in the silica sand
mold (with a wall thickness of 13 mm).
In summary, we can say that the cooling rate varies in a wide
range (80-15 C/s) in thin-walled castings when changing the
wall thickness from 2 to 5 mm, accompanied by a signiﬁcant
change in the mechanical properties of ductile iron. It can be
effectively reduced by applying insulating materials (e.g.,
LDASC sand), which gives the opportunity to form the
structure of ductile iron, to obtain the desired properties of
thin-walled castings practically in the whole range of grades
provided in accordance with the ASTM Standard.
4. Conclusion
1. Theoretical calculations were made and then compared
with the experimental outcome on cooling rate at the
beginning of eutectic solidiﬁcation. It was found that the
predictions of the theoretical analysis (Eq 3) are in a
good agreement with the experimental results.
2. In the preparation of thin-walled castings with a wall
thickness of 2 mm using a sand LDASC, the cooling
rate, the number of graphite nodules, ferrite fraction, and
mechanical properties are at the level of what we achieve
for castings with a wall thickness of the order of 13 mm
made in molds with silica sand.
3. The cooling rate varies in a wide range (80-15 C/s) in
thin-walled castings when changing the wall thickness
(a) (b)
Fig. 9 Tensile and yield strength (a) and elongation (b) as a function of cooling rate d, s—experimental points for SMS mold, j, h—experi-
mental points for LDASC mold
Fig. 10 Stress-strain curves of the castings with 3-mm wall thick-
ness. Solid curve—casting obtained using SMS mold, dotted curve—
casting obtained using LDASC mold
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from 2 to 5 mm, accompanied by a signiﬁcant change in
the mechanical properties of ductile iron. It can be effec-
tively reduced by applying an insulating material (e.g.,
LDASC sand), which gives the opportunity to form the
structure of ductile iron, to obtain the desired properties
of thin-walled castings practically in the whole range of
grades provided in accordance with the ASTM Standard.
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